INTRODUCTION
Phosphatidylinositol (PI) and metabolically-derived products such as the phosphatidylinositol mannosides (PIM), lipomannan (LM) and lipoarabinomannan (LAM) are prominent phospholipids/lipoglycans of Mycobacterium species believed to play important roles in the physiology of the bacterium (1-3) as well as during host infection. Lipoarabinomannan (LAM) is for instance an important modulator of the immune response in the course of tuberculosis and leprosy (4-6) as well as a key ligand in the interactions between biosynthesis of these molecules. The first step in PIM synthesis involves the transfer of a mannose residue from GDP-Man to the 2-position of the myo-inositol ring of PI to form the phosphatidylinositol monomannoside, PIM 1 (3, 30) . This lipid or its acylated counterpart (Ac 1 PIM 1 ) then accepts another mannose residue (Man) at the 6-position of myo-Ins to form phosphatidylinositol dimannoside (PIM 2 ) or acylated phosphatidylinositol dimannoside (Ac 1 PIM 2 ), respectively (20, (30) (31) (32) . It is thought that PIM 2 or Ac 1 PIM 2 then undergo several glycosylation steps with Man and then with Ara to form higher PIM (PIM 3 -PIM 6 ) and the highly branched lipoglycans, LM and LAM (18) . It may be inferred from the studies of Takayama and Goldman (31) that acylated PIM 1 (Ac 1 PIM 1 ) is a more potent substrate for the second mannosylation step than is PIM 1 . Therefore, the acylation reaction responsible for the formation of Ac 1 PIM 1 may constitute a key regulatory event in determining the synthesis of the final PIM, LM and LAM products.
Acylating activities have been reported by Brennan and Ballou (20, 33) in the membrane fraction of Mycobacterium phlei. Acylated PIM 2 (Ac 1 PIM 2 ) were the main products formed in the reaction when endogenous or crude mycobacterial phospholipids were used as the lipid acceptors and acyl-CoA derivatives of fatty acids (myristic, palmitic and oleic acids) were used as the [ the observations subsequently published by Takayama and Goldman (31) , PIM 1 is first acylated to Ac 1 PIM 1 and then mannosylated to Ac 1 PIM 2 . Since these early studies, no further work on the acylation steps of PIM, LM and LAM has been undertaken, and the genes underlying the acyltransferase activities described by Brennan and Ballou (20, 33) have not been identified.
Recently, we identified a cluster of five ORF apparently dedicated to the early steps of PIM synthesis in Mycobacterium spp. (2). The first ORF of this cluster (Rv2613c) encodes a protein of unknown function. The second ORF encodes PgsA, the previously characterized phosphatidylinositol synthase (2). The third ORF (Rv2611c) encodes a protein with similarities to bacterial acyltransferases. The fourth ORF encodes PimA, the α -mannosyltransferase responsible for the formation of PIM 1 from PI and GDP-Man (3), and the fifth ORF, Rv2609c, encodes a putative GDP-Man hydrolase carrying a mutT domain signature (PS00893). This genetic organization suggests that Rv2611c encodes an acyltransferase involved in the acylation of phosphatidylinositol mono-and di-mannosides.
Rv2611c is present in all of the mycobacterial genomes sequenced so far and has a homolog in Streptomyces coelicolor (43% identity for a 296 amino acid overlap), an actinomycete that shares the ability to synthesize PIM with mycobacteria (34) .
In this report, we provide evidence that Rv2611c is the acyltransferase responsible for the acylation of the 6-position of the Manp residue linked to position 2 of myo-Ins. PIM 1 appeared to be the main lipid acceptor in the reaction although the enzyme could also acylate PIM 2 . We show that the Rv2611c gene is not essential for growth of M. smegmatis although its 7 disruption induces dramatic changes in the PIM content of this strain accompanied by severe growth defects in both solid and liquid media. The dispensability of Rv2611c appears to be related, at least partly, to the ability of the mutant to synthesize Ac 1 PIM 2 from PIM 2 .
Altogether, these observations provide evidence that the two pathways leading to the synthesis of phosphatidylinositol di-mannosides originally proposed by Brennan & Ballou (20, 33) co-exist in mycobacteria.
EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions
E. coli XL1-blue, the strain used for cloning experiments was propagated in Luria Bertani (LB) broth (pH 7.5) (Bactotryptone, 10 g/l, Bacto TM yeast extract, 5 g/l, NaCl, 5 g/l) (Becton Dickinson, Sparks, MD) at 37°C. Mycobacterium smegmatis strain mc 2 155 (35) was routinely grown at 37°C in LB broth supplemented with 0.05% Tween 80. LB medium was used as the solid medium for all bacteria. Antibiotics were added at the following concentrations:
ampicillin, 100 µg/ml; kanamycin, 20 µg/ml; hygromycin, 50 µg/ml. When required, 10 g/l NaCl was added to the liquid LB medium and 10% sucrose was added to the solid medium. 
Construction of the M. smegmatis Rv2611c mutant
The Rv2611c gene of M. smegmatis was disrupted by use of a two-step homologous recombination procedure. This method relies upon the use of a suicide vector harboring the counterselectable marker sacB and a kanamycin cassette-disrupted copy of the gene of interest. In the first step of the experiment, a single crossover strain is isolated and cultured at 37°C in the presence of kanamycin. In the second step of the experiment, the single crossover strain culture is plated out on sucrose-Km plates to select clones that underwent a second intra-chromosomal crossover event leading to the excision of the body of the vector and allelic replacement. Rv2611c (60 µg in 30 µl), and the incubation was continued for another hour. Lipids were extracted and analyzed as described above.
Analytical procedures
Lipids from labeled and unlabeled cells were extracted as described previously (3) 
Sample preparation and MALDI-TOF and ESI Mass Spectrometry
MALDI-Tof-MS in the negative ion mode was performed as previously described (3 liquid or sheath gas was used. All data were collected on Xcalibur Software.
Acetolysis of PIM 2 and Ac 1 PIM 2
Purified PIM 2 and Ac 1 PIM 2 were acetolysed as previously described (16) .
Purification of PIM and NMR analysis
Lipid fractions were applied to a QMA-Spherosil M (BioSepra SA, Villeneuve-la-Garenne, France) column (1.0 x 14 cm) that had been irrigated successively with 8 ml of CHCl 3 , mg of wild-type and mutant phosphatidylinositol di-mannosides were collected, respectively.
They were subjected to chromatography on silicic acid Sep-pak using CHCl 3 (1.5 ml), This might be due to tight regulation of acyltransferase activities in M. smegmatis or to the limited availability of the substrate of Rv2611c in this species rather than to the lack of activity of the recombinant protein (see below). (Fig. 3A) . Moreover, H6/H6' of the Manp unit at the 2-position of myo-Ins at 4.14/4.03 ppm and C6 at 63.6 ppm deduced from the 1 H- 13 C HMQC data proved that this position is acylated (data not shown). The nature of the fatty acids esterifying the different sites was investigated by mass spectrometry using ESI-MS analysis of the acetolysis reaction products of Ac 1 PIM 2 in the negative and positive modes as previously described (16) . The positive ESI-MS spectrum showed an intense peak at m/z 675.6, assigned to a sodium adduct of the di-acylated C 16 /C 19 Gro (Fig. 3B) . The negative mass spectrum showed one main peak at m/z 1283.5, corresponding to the (M-H) -of the Man 2 -Ins-P moiety acylated with one C 16 (Fig. 3C ).
Construction and analysis of a
Therefore, both strains produced the same Ac 1 PIM 2 isomer, indicating that compensating enzymatic activities probably exist in M. smegmatis that account for the production of the wild-type Ac 1 PIM 2 in MYC1573.
Similar analyses on the PIM 2 that accumulated in MYC1573 indicated that the glycerol moiety of this molecule is diacylated with C 16 /C 19 , and revealed no fatty acyl substituents on the inositol or mannose residues (data not shown). (Fig. 4A) . MYC1573 contained less Ac 1 PIM 1 and more PIM 1 than the wild-type strain, suggesting that the activity of the acyltransferase responsible for the formation of Ac 1 PIM 1 from PIM 1 was impaired in the mutant. Conversely, the strain overproducing Rv2611c synthesized more Ac 1 PIM 1 and contained less PIM 1 than the wild-type strain. The accumulation of PIM 2 in the mutant strain (Fig. 4A) suggested that PIM 1 is mannosylated rather than acylated in this situation where the acyltransferase activity is disturbed. PIM 2 can then be acylated to form Ac 1 PIM 2 , which is a major PIM species in mycobacteria. Thus, alternate pathways for the production of Ac 1 PIM 2 probably co-exist (Fig. 1) .
Rv2611c stimulates the production of acylated forms of phosphatidylinositol mono-and dimannosides in cell-free assays
Given the nature of the fatty acid substituting the mannose residue at position 2 of myo-Ins (Fig. 3) in Ac 1 PIM 2 , the third acyl group to be transferred onto PIM 1 (or PIM 2 ) is probably palmitate. Cell-free assays were thus performed with [1-14 C]palmitic acid as the radioactive substrate and with membranes and cell wall-membrane (P60) fractions as the enzyme sources.
The products formed in these reactions were similar to those formed when [ 14 C]GDP-Man was used as the radiolabeled substrate. Disruption of Rv2611c resulted in the decreased synthesis of Ac 1 PIM 1 , whereas the overproduction of Rv2611c stimulated the synthesis of this lipid (Fig. 4B) . Moreover, the amount of PIM 1 was slightly reduced in the strain overexpressing the acyltransferase gene. A dramatic increase in Ac 1 PIM 2 production was also observed in this strain, probably resulting from the increased synthesis of its direct precursor, (Fig. 6) . [synthesized in all three strains (due to the presence of the recombinant PimA protein), however, it was gradually consumed only in the wild-type and overproducing strains (Fig.   6A ). The overall amount of [ 14 C]PIM 1 in the overproducing strain was lower because it was rapidly converted into Ac 1 PIM 1 (Fig. 6B) . After 30 minutes, the mutant produced virtually no membranes was added to the E. coli extracts overproducing PimA (Fig 7) . This conversion was strongly stimulated by the addition of palmitoyl-CoA to the reaction mixture (Fig. 7) .
These findings strongly suggest that Rv2611c is the structural gene for the enzyme catalyzing the acylation of PIM 1 . Our results provide evidence that Rv2611c is the acyltransferase that catalyzes the acylation of the 6-position of the Man residue linked to position 2 of myo-Ins in PIM 1 and PIM 2 .
DISCUSSION
Although this study was performed in M. smegmatis, the fact that over-expression of the M.
tuberculosis Rv2611c gene stimulated the production of Ac 1 PIM 1 and Ac 1 PIM 2 in cell-free assays and restored a normal PIM composition in MYC1573 strongly suggests that the enzyme responsible for the acylation of PIM 1 and PIM 2 is conserved among mycobacterial species. Palmitic acid was a potent fatty acid substrate of the acyltransferase in our assays.
Given the occurrence of tuberculostearic acid on the same Man residue of PIM and LAM in M. bovis BCG (16, 23) , it is likely that Rv2611c also catalyzes the transfer of this fatty acid. In all our assays, Ac 1 PIM 1 was the product the synthesis of which was the most decreased in the Therefore, the two phosphatidylinositol di-mannosides pathways originally proposed by Brennan and Ballou (20, 33) appear to co-exist in mycobacteria (Fig.1) . Given the major changes in the PIM composition of MYC1573 and the severe growth defects exhibited by this mutant, the compensating acyltransferase activities in the absence of Rv2611c are clearly not sufficient for the optimal synthesis of Ac 1 PIM 2 and its derivatives. These other In conclusion, the involvement of the Rv2611c acyltransferase in key steps of PIM, LM and LAM biosynthesis and its importance for mycobacterial growth make it an attractive drug target for the development of novel anti-tuberculosis drugs. The availability of Rv2611c 
